of the corticospinal tract. 9, 19 Central motor conduction time (CMCT) can be measured to evaluate corticospinal function in cervical myelopathy. 2, 10, 25, 36 In fact, there is an excellent correlation between MRI findings and CMCT in patients with cervical myelopathy. 17 Central motor conduction time is more prolonged in patients with more severe cervical spinal cord compression, according to MRI analysis. In addition, CMCT correlates significantly with the results of clinical assessment in patients with cervical myelopathy. 33 However, variation in CMCT after decompression surgery in patients with cervical myelopathy has not been described. Therefore, our aim in this study was to investigate the variation in CMCT before and after surgery in patients with CCM.
Methods
Forty-two patients (10 women and 32 men) with CCM who were treated in our department between April 2008 and March 2011 were included in this study. Patients with other brain, thoracic spinal cord, cauda equina, or peripheral nerve disorders, such as diabetic neuropathy, or who exhibited any abnormalities in their sensory or motor peripheral nerve conduction velocities, were excluded. Their mean age was 64 years (range 36-87 years), and their mean height was 161 cm (range 139-179 cm). All patients provided written informed consent prior to initiation of the study. The patients and/or their families were informed that their data would be submitted for publication. This study received approval from the institutional review board of Hiroshima University.
Each patient exhibited sensory disturbance in the upper and/or lower limbs and had a spastic gait disturbance. The presence of CCM was confirmed with neurological testing and MRI and was attributable to cervical spondylosis (33 patients), ossification of the posterior longitudinal ligament (6 patients), or cervical disc herniation (3 patients). Compression was detected in the C3-4, C4-5, and/or C5-6 level on MRI. All patients underwent cervical laminoplasty, 35 and some exhibited neurological improvement. Orthopedic surgeons who did not perform laminoplasty obtained the Japanese Orthopaedic Association (JOA) score for cervical myelopathy 8 as a clinical measure (total of 17 points possible) before surgery and 1 year after surgery. The recovery rate (RR) at the final follow-up was calculated using the following formula: (JOA score at final follow-up -preoperative JOA score)/ (17 -preoperative JOA score) × 100. 5 Central motor conduction time was determined as previously described 22, 23 and was measured for all patients before surgery and 1 year after surgery. Surface recording electrodes were placed bilaterally on the abductor digiti minimi muscle (ADM) and abductor hallucis muscle (AH) using the standard belly-tendon method. Transcranial magnetic stimulation was delivered using a round coil with an outer diameter of 14 cm (model 200, Magstim) whose center was held over the vertex of the cranium when MEP recordings were made from the ADM. Stimulation was applied during a slight voluntary contraction. Recording sensitivity was set at a vertical gain of 0.2 mV/D and a horizontal sweep of 5 msec/D for ADM recordings. Recording sensitivity was set at a vertical gain of 0.1 mV/D and a horizontal sweep of 10 msec/D for AH recordings. A clockwise current in the coil, as viewed from above, was delivered to stimulate the left hemisphere, and a counterclockwise current was used to stimulate the right hemisphere. The magnetic stimulus intensity was set at 20% above the threshold for the MEPs. The coil was then shifted anteriorly when the MEP recordings were made from the AH. The MEPs were recorded more than 10 times, at least 4 reproducible responses were superimposed, and their latencies were measured (Fig. 1) . For most trials, a stimulus intensity of 80% was adequate to elicit consistent MEPs of similar morphology.
Compound muscle action potentials (CMAPs) and F-waves were recorded following continuous current stimulation at supramaximal intensity (0.2-msec square wave pulses) of the ulnar nerve at the wrist and the tibial nerve at the ankle. None of the patients showed markedly diminished CMAP amplitudes in either the ADM or AH. Thirty-two serial responses were obtained, and the shortest F-wave latency was measured. All muscle responses were recorded using a commercially available electromyography system (Viking IV, Nicolet Biomedical Corp.) after they traversed a bandpass filter of 0. Hz. An epoch of 100 msec after stimulation was digitized at a 5-kHz sampling rate. The peripheral conduction time (PCT), excluding the turnaround time at the spinal motor neuron (1 msec), was calculated from the latencies of the CMAPs and F-waves as follows: (latency of CMAPs + latency of F-waves -1)/2. 15 The conduction time from the motor cortex to the spinal motor neurons-that is, the CMCT-was calculated by subtracting the PCT from the onset latency of the MEPs. An examiner blinded to the patient's history, clinical features, and MRI results performed these measurements.
The MEP, PCT, and CMCT data were analyzed on both the right and left sides. In addition, the CMCT data were analyzed as longer or shorter CMCTs between the patients' right and left ADMs and AHs before surgery. Because a bilateral difference was observed in the symptoms and CMCT values differed between the right and left sides in the patients, the parameters for each longer and shorter side should be respectively analyzed, as done in a previous study. 22, 23 At follow-up, each longer and shorter CMCT on the same side were compared with the same data from before surgery. The CMCT recovery ratio was defined and calculated as the CMCT values 1 year after surgery divided by those before surgery. Data were compared using the Wilcoxon test for nonparametric statistical analysis, and a p value < 0.05 was considered to be statistically significant. The CMCT ratios were compared using Scheffe's test with ANOVA among the CMCT recovery ratio from the longer or shorter CMCT in the ADM or AH. Correlations among patient age, JOA score, recovery rate (RR), and CMCT values were estimated using Pearson's correlation coefficient (r). A correlation was accepted as significant when p < 0.05 and |r| > 0.3. Electrophysiological data are presented as the mean ± standard deviation (range).
Results
The MEP latency, PCT, and CMCT values are shown in Tables 1 and 2 . All parameters include data from more than 40 patients. The MEP, F-wave, and M-wave could not be recorded from the left ADM in one patient before or 1 year after surgery. The MEP could not be recorded in two other patients from both AHs before surgery. In one of these two patients, F-and M-waves were not detected from either AH before surgery.
The MEP latencies 1 year after surgery were significantly shorter than those before surgery in both the ADM (right, p = 0.006; left, p = 0.000) and the AH (right, p = 0.001; left, p = 0.006), while there were no significant differences in the PCTs before and after surgery in both the ADM (right, p = 0.231; left, p = 0.722) and the AH (right, p = 0.856; left, p = 0.655; Table 1 ). The CMCTs detected from the ADM (right, p = 0.010; left, p = 0.000) and the AH (right, p = 0.000; left, p = 0.002) decreased significantly 1 year after surgery. The longer and shorter CMCTs from the ADM (longer, p = 0.000; shorter, p = 0.008) and the longer CMCT from the AH (longer, p = 0.000) before surgery also decreased significantly 1 year after surgery; the shorter CMCT from the AH did not significantly differ (shorter, p = 0.078; Table 2 ). The mean CMCT recovery ratio for both the ADM and the AH was 0.91 ± 0.18 (range 0.53-1.64). The mean CMCT recovery ratios from the longer and shorter CMCTs in the ADM were 0.86 ± 0.19 (range 0.61-1.52) and 0.90 ± 0.11 (range 0.63-1.28), and those from the longer and shorter CMCTs in the AH were 0.94 ± 0.23 (range 0.53-1.64) and 0.97 ± 0.11 (range 0.77-1.26), respectively. Among these CMCT recovery ratios, the one from the longer CMCT in the ADM shortened significantly, as compared with the one from the shorter CMCT in the AH (p < 0.05). The mean JOA score before surgery was 10.1 ± 3.0 (range 3.5-16.0). Improvements in the JOA score were attained in all patients after surgery. The score improved significantly to 12.9 ± 2.7 (range 7.0-17.0) at 1 year after surgery (p = 0.000). Thus, the mean recovery rate (RR) was 0.43 ± 0.27 (range 0.06-1.00). Patient age correlated significantly with JOA score at 1 year after surgery (r = -0.352, p = 0.022). In contrast, age did not correlate with the JOA score before surgery (r = -261, r = 0.095) or RR (r = -0.204, r = 0.169).
The correlations among patient age, JOA score, RR, and CMCT values are shown in Table 3 . The longer/shorter CMCT parameters in the ADM and AH before surgery or 1 year after correlated significantly with JOA score both before and 1 year after surgery. The longer CMCT values from the ADM at 1 year after surgery (r = -0.391, p = 0.010) and the CMCT recovery ratio from the longer CMCT in the ADM (r = -0.390, p = 0.011) correlated significantly with the RR. There were no significant correlations between age and any CMCT parameters.
Discussion
Our results show a significant decrease in the CMCT parameters in patients with CCM at 1 year after surgery. The CMCT parameters before or 1 year after surgery correlated significantly with the JOA score both before and 1 year after surgery. The CMCT recovery ratio from the longer CMCT in the ADM significantly correlated with the RR.
Central motor conduction time is calculated by subtracting PCT from MEP latency. Thus, the physiology of prolonged CMCT is complex, and only a few reports have noted the mechanism of its occurrence in CCM. Kaneko and colleagues examined CMCT following TMS, as well as spinal cord evoked potentials (SCEPs) following transcranial electric stimulation (TES), in patients with CCM and normal subjects. 10 Their results showed that CMCT was prolonged in such patients and that the patients exhibited significant attenuation in their SCEP amplitudes following TES but no significant delay in their SCEP latencies. The authors concluded that impaired temporal summation of multiple descending potentials following TMS produces delays in motor neuron firing that contribute to the prolongation of CMCT. Moreover, a significant correlation between CMCT prolongation and SCEP amplitude attenuation, and no significant correlation between CMCT prolongation and SCEP latency in patients with CCM have been reported. 22, 23 Thus, corticospinal block is thought to cause CMCT prolongation. Our results showed that functional recovery in the corticospinal tract following cervical laminoplasty in patients with CCM can be quantitatively assessed and that the corticospinal conduction block improvements due to the increase in the number of axons that propagate the evoked potentials were one of the causes of improved JOA scores. The CMCT values did not completely improve to the normal range, which has been reported previously, 10, 28 and the mean CMCT recovery rate and (JOA score) RR in our series were 0.91 and 0.43, respectively. The data should be important information on the pathophysiology of recovery following surgery. Further, CMCT for the symptomatic side has been shown to correlate significantly with the preoperative JOA score, as well as with the JOA score at 1 year after cervical laminoplasty in patients with CCM. 33 In our study, CMCT parameters correlated significantly with the JOA score before and 1 year after surgery, and the CMCT ratio from the longer CMCT in the ADM correlated with the RR, supporting the conclusion that CMCT may be useful in predicting the outcome of surgical treatment, as previously described by Takahashi et al. 33 Kawaguchi et al. documented a reduction in JOA scores in 20 patients in a minimum 10-year follow-up of 126 cervical myelopathy patients who underwent cervi- cal laminoplasty. 12 They reported that the causes of deterioration were axial spread of ossification of the posterior longitudinal ligament, other spinal lesions, cerebral infarction, and peripheral neuropathy. Central motor conduction time measurements are also a useful tool for detecting functional deterioration of the motor pathway due to thoracic spinal cord compression 24 or cerebral infarction, 27, 31 and the F-wave study can detect a peripheral neuropathy. 14, 16, 26 Consequently, our data should provide important information when a reduced JOA score following surgery is observed and those electrophysiological screenings are implemented, because our study utilized a simple clinical model of cervical myelopathy. To obtain accurate and reliable MEP findings, the patients included in our study had simple spinal cord compressions without any other neural disorders and successfully underwent laminoplasty.
Patient age at the time of surgery influences surgical outcome. In previous assessments of surgical outcome in elderly patients with CCM, the results of laminoplasty in elderly patients were worse than those in younger patients. 20, 29, 37 The poor recovery in the elderly patients may be attributable to the age-related decrease of motor neurons and myelinated fibers in the spinal cord. On the other hand, good clinical results have been reported even in elderly patients with myelopathy. 34 Moreover, studies have shown no significant differences in RR of the JOA score between elderly and nonelderly patients. 11, 32 Kawaguchi et al. noted that cervical laminoplasty improves quality of life and activities of daily living even in elderly patients with cervical spondylotic myelopathy. 11 Machino et al. reported that the differences in the JOA score before and after surgery were similar among nonelderly (age < 65 years), "young-old" (age 65-74 years), and "old-old" (age ≥ 75 years) patient groups, although RR and JOA scores before and after surgery were low in the elderly patients. 18 Thus, these authors concluded that elderly patients can have a reasonable recovery after cervical laminoplasty. Suzuki et al. noted that although no significant difference was observed in the RR of the JOA score among groups according to age, the time point at which the JOA score reached a plateau after surgery was significantly later in elderly than in nonelderly patients. 32 Surgical outcome, especially in elderly patients with CCM, can be affected by many factors and is still controversial. In the present study, age did not correlate with pre-or postoperative CMCT values or with the CMCT recovery ratio. These results suggest equivalence of function of the compressed corticospinal tract, as well as improvements 1 year after surgery between elderly and nonelderly patients.
There were several limitations to our study. Except for the longer CMCT from the ADM at follow-up and the CMCT recovery ratio from the longer CMCT in the ADM, the RR did not completely correlate with the CMCT before surgery, at 1 year after surgery, or the CMCT recovery ratio. Thus, other factors may have influenced the RR in our cases. Central motor conduction time reflects the central motor pathway, and the sensory disturbance was not objectively evaluated. Another limitation was the small number of cases; it was too small to validate the factor that may have influenced the RR. Although few reports provide an objective assessment of corticospinal tract function, Nakamura et al. demonstrated that preoperative diffusion tensor tractography may predict neurological recovery in patients with CCM after laminoplasty. 21 As an assessment of sensory distur- bance, the utility of somatosensory evoked magnetic field dipole measurements by magnetoencephalography has been described. 4 The CMCT examination should be used with new methods to identify factors that impact surgical outcome. Moreover, it is unclear how CMCT parameters and the JOA score were affected when other neural disorders were complicated. For example, diabetic neuropathy is a common complication among individuals of an age at which they are susceptible to CCM. Patients with diabetic neuropathy present with numbness in their hands and feet, and the F-wave latency and PCT are prolonged in these patients. 14, 16, 26 Therefore, complicating diabetic neuropathy may affect the JOA score, as well as the electrophysiological results. Further validation of CMCT measurements is required for cases with other complicating neural disorders. CMCT measurements should be developed as a more useful tool that can clarify the pathophysiology and quantitatively assess the functional variation of corticospinal tracts.
Conclusions
In summary, this study suggests that cervical laminoplasty improves corticospinal tract function, which may be one of the reasons for the JOA score improvements in patients with CCM at 1 year after surgery. The degree of CMCT improvement did not correlate with patient age in our series. Our results offer quantitative evidence on the pathophysiology of functional recovery in the corticospinal tract following cervical laminoplasty in patients with CCM.
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